tained wide, albeit not uniform, acceptance for the management of large AVMs. 1, 2, 5, [14] [15] [16] 23 In our clinic this technique is used routinely with special emphasis on initial targeting of the portion of nidus adjacent to the draining vein in an attempt to affect the main arteriovenous shunts, slow intralesional blood flow, and, finally, cause thrombosis. This treatment strategy has demonstrated high effectiveness, particularly in high-grade AVMs, and has been associated with minimal risk of complications. [14] [15] [16] Moreover, it may be especially effective in children, since pediatric AVMs may be more sensitive to irradiation. 36, 46 The objective of the present study was the evaluation of outcomes after unstaged and staged-volume GKS of intracranial AVMs in children.
Methods
Between February 2002 and October 2009, 138 consecutive patients underwent GKS in the Department of Neurosurgery of the Tokyo Women's Medical University for management of intracranial AVMs. This group included 26 children (age < 16 years), and 22 of them were followed up for at least 2 years after radiosurgery. Those 22 patients were evaluated in the present retrospective study. None of the other 4 pediatric patients had verified AVM obliteration, experienced intracranial hemorrhage, underwent additional treatment, or died during the latency period after radiosurgery.
Clinical Data
There were 14 boys and 8 girls. Their ages ranged from 4 to 14 years (median 9.5 years). Two children were younger than 5 years old, 11 ranged in age from 5 to 10 years, and 9 were older than 10 years. The disease manifested with intracranial hemorrhage in 17 cases (77%), seizures in 2 cases (9%), and neurological deficit in 1 case (4.5%). Two lesions (9%) were discovered incidentally. Four patients underwent another treatment for their AVMs before GKS: embolization (2 cases), open resection (1 case), and embolization followed by resection (1 case).
The lesions were located in the frontal lobe in 5 cases; temporal lobe in 2 cases; occipital lobe in 5 cases; basal ganglia and thalamus in 6 cases; and corpus callosum, cerebral peduncle, cerebellum, and within the cerebral ventricle in 1 case each. Eloquent brain structures were affected in 15 patients (68%). According to the 3-tier classification proposed by Spetzler and Ponce, 44 8 AVMs corresponded to Class A, 8 to Class B, and 6 to Class C (Table 1) , whereas according to the Spetzler-Martin Scale, 43 Grade II lesions were the most frequent (8 cases ). The Pollock-Flickinger radiosurgery-based AVM score 38 varied from 0.21 to 0.9 (mean 0.53).
Radiosurgery
Before December 2002, radiosurgery was performed using the Leksell Gamma Knife model B, and later patients were treated with model 4C with the Automatic Positioning System (Elekta AB). General anesthesia with remote control monitoring was applied throughout all stages of the procedure in 3 children, 22 whereas in the others, manipulations were performed with the aid of local anesthesia. On the day of treatment, the Leksell G stereotactic frame (Elekta AB) was affixed to the patient's head. If perilesional brain edema 25 was noted, steroid medications were administered before treatment. Dynamic helical contrast-enhanced CT (slice thickness 1.0 mm; contrast agent injection speed 3 ml/second; scanning delay 20 seconds), T2-weighted (slice thickness 2 mm) and gadolinium-enhanced time-of-flight (slice thickness 1.0 mm) MRI, and DS angiography were performed under stereotactic conditions. All imaging data were transferred via the Intranet to a workstation running the Leksell GammaPlan (initially version 5.34 and later version 8.3, Elekta AB).
Radiosurgical treatment planning was performed within a 3D workspace with a simultaneous onscreen display of all obtained images. Treatment planning was mainly referenced to data from contrast-enhanced CT scans, which clearly demonstrated the junction between the nidus and draining vein, where the main shunts of the AVM are located. According to our treatment concept, this part of the lesion should be preferentially targeted, and therefore it was covered with multiple small (4-and 8-mm) isocenters, while the total PIV was kept below 4.0 cm 3 . This target volume permits the application of a sufficient radiation dose (≥ 22 Gy directed to the 50% isodose line), providing a high probability of nidus obliteration with a limited risk of possible treatment-associated complications. If the volume of the nidus was larger than 4.0 cm 3 , the second radiosurgical session was usually scheduled 3-4 years after the first. The second session was performed following similar treatment principles. Nine patients in the present series underwent unstaged radiosurgery. Staged-volume GKS was planned for 13 patients (Table 2) ; among them only 1 patient is still awaiting the second stage of treatment.
After completion of the CT-based treatment planning, the position of the PIV was adjusted according to the data provided by MR imaging and DS angiography. Special emphasis was placed on selective irradiation of the nidus itself, as well as the creation of a wide 80% isodose area within the target for attainment of the optimal homogeneous therapeutic effect. 32 The radiation doses to adjacent eloquent structures were checked and constantly kept lower than 10 Gy for the visual pathways and lower Table 3 .
Follow-Up Examinations
All patients were followed up by their treating neurosurgeon with clinical examinations, as well as MR imaging and MR angiography or CT angiography sessions, which were scheduled every 6 months during the first 3 years after radiosurgery and annually thereafter. Additionally, the patients' relatives were advised to attend the outpatient clinic in case any neurological deterioration had occurred. Cerebral angiography was performed if additional treatment was planned for the AVM or for confirmation of complete obliteration of the lesion. The length of follow-up varied from 29 to 92 months.
Results

Early Complications
One patient who had a history of 2 intracerebral-intraventricular hemorrhages and an AVM extending into the cerebral ventricle experienced an additional episode of bleeding the day after GKS; however, this patient fully recovered and complete obliteration of the nidus was finally obtained. No early complications or side effects after radiosurgery were observed in any other patient in the present series.
Obliteration Rate
Overall, complete obliteration of the AVM was noted in 17 (77%) of 22 patients within a median period of 47 months (range 19-82 months) after the last radiosurgical session. In 9 cases complete AVM obliteration was confirmed by DS angiography; in 6 cases by MR imaging and MR angiography; in 1 case by MR imaging, MR angiography, and CT angiography; and in 1 case by CT angiography alone. Specifically, complete obliteration was obtained in 4 (67%) of 6 patients with high-grade (Class C 44 ) AVMs.
In 12 (92%) of 13 patients durable complete obliteration of the nidus was noted within a median period of 43 months (range 19-82 months) after the first radiosurgical session. Eight of these patients were initially scheduled for unstaged GKS because of the small volumes of their AVMs; in this subgroup the complete obliteration rate was 89% (8 of 9 patients). Four additional patients were initially scheduled for staged-volume radiosurgery, but the lesion was completely obliterated after the first procedure, despite incomplete coverage with the prescribed isodose at the time of treatment. Among 8 patients, who underwent scheduled 2-staged GKS, complete obliteration of the nidus was observed in 5 (62.5%) within a median period of 24 months (range 12-41 months) after the second treatment. One patient with an unobliterated AVM underwent a third stage of treatment, but complete obliteration of the lesion was still not obtained. One additional patient underwent an unscheduled staged GKS. In this case, the primary unstaged treatment led to complete obliteration of the nidus; however, a new portion of AVM appeared in the vicinity of the previous target, and the patient underwent radiosurgery once again. In this case complete obliteration has not yet been obtained.
Factors Associated With AVM Obliteration
A greater margin dose (p = 0.01, Student t-test) and maximum dose (p = 0.04, Student t-test) of radiation were associated with a higher probability of AVM obliteration. Other factors, namely patient age and sex, type of disease presentation, previous hemorrhage, Spetzler-Martin AVM grade, type of AVM angioarchitecture, presence of deep venous drainage, previous treatment, nidus volume, Pollock-Flickinger score, and number of isocenters used for GKS, did not show statistically significant associations with obliteration of the nidus.
Late Complications
Two incompletely obliterated AVMs with partial extension into cerebral ventricles bled at 20 and 60 months after irradiation. Both of these cases were scheduled for staged GKS. The annual hemorrhage rate in that subgroup of patients was 2.8%. The appearance of a region of hyperintensity adjacent to the target area on T2-weighted MR images was noted in 2 patients who had no symptoms. In one of these patients the hyperintense area appeared after the first radiosurgical session, and in the other one, it appeared after the second radiosurgical session. Finally, as mentioned earlier, reappearance of an AVM in the vicinity of the initial target after effective primary treatment was noted in 1 patient and required a second GKS.
Illustrative Case
An AVM located in the left basal ganglia and thalamus was disclosed incidentally in a 13-year-old girl who displayed no neurological symptoms or signs. The lesion was considered inoperable (Spetzler-Martin Grade VI); however, given the child's long life expectancy and the lesion's high cumulative risk of hemorrhage, radiosurgery was planned. Despite the AVM's relatively small volume, we decided to perform staged treatment with the goal of providing a sufficient radiation dose for greater probability of obliteration while minimizing the potential risk of complications. The first stage of GKS was performed by directing 22 Gy to the 55% isodose line in the portion of nidus mainly located in the thalamus (Fig. 1 upper) .
The second stage was performed 1.5 years later by using the same radiosurgical parameters for the portion of nidus mainly located in the basal ganglia (Fig. 1 lower) . No complication or side-effect was noted after treatment. At 2 years after the second radiosurgical session, MR angiography revealed no evidence of a residual nidus (Fig. 2) . The patient remains asymptomatic.
Discussion
The effectiveness of GKS for AVMs in children is well established. This treatment provides a high probability of complete obliteration of the lesion, which ranged Fig. 1 . Radiosurgical treatment plan for an inoperable, incidentally discovered AVM in the left basal ganglia and thalamus. The first GKS was performed by directing 22 Gy to the 55% isodose line in the portion of nidus mainly located in the thalamus (upper), whereas 1.5 years later the same radiosurgical parameters were used for management of the portion of nidus mainly located in the basal ganglia (lower).
from 60% to 90% in the majority of reported series (Table 4). Comparable results can be obtained using linear accelerator-based radiosurgery as well. 3, 34, 39 Moreover, there is some evidence that AVMs in children are more sensitive to irradiation than those in adults 46 and that the younger age of the patient is positively associated with the likelihood of treatment success 38, 41, 50 and its earlier appearance. 36 Radiosurgery may be particularly helpful for management of the multiple lesions associated with Rendu-Osler-Weber disease. 29 In addition, radiosurgical treatment not only leads to a decrease in hemorrhage risk due to obliteration of the AVM, but frequently results in resolution of neurological symptoms such as headache and seizures. 12, 45 In our series, the overall obliteration rate for pediatric AVMs after GKS was 77%, but it reached 89% in the subgroup of patients who received unstaged treatment, which was selected because of the small size of the lesions. In fact, the volume of the nidus and the delivered dose of radiation represent 2 primary interrelated factors determining the effectiveness of radiosurgery for AVMs. The necessity of decreasing the radiation dose in the treatment of larger lesions to prevent treatment-related complications negatively influences obliteration rates and significantly challenges their management. 10, 33, 37, 42 Recently, the technique of staged-volume GKS has opened new perspectives in cases of large and giant AVMs. However, the results reported to date are still contradictory: complete obliteration rates vary from 23% to 74%, whereas the incidence of major complications other than hemorrhage range from 0% to 40%.
1,2,5,23 Such significant variability may be caused, in part, by differences in treatment strategy with regard to target selection, PIV, applied radiation doses, number of treatment stages, Fig. 2 . Follow-up MR angiography obtained 2 years after 2-staged GKS was performed to treat the incidentally discovered AVM in the left basal ganglia and thalamus (see Fig. 1 ). No residual nidus is evident. * Comp Oblit = complete obliteration; diam = diameter; FU = follow-up; Post-RS = postradiosurgery; Tx = treatment.. † In the subgroup of patients followed up for ≥ 2 years after so-called optimal treatment, defined as full coverage of the AVM with a margin dose of > 25 Gy (50 cases). ‡ Mainly perilesional hyperintensity found on T2-weighted MR imaging in patients with no symptoms.
and time intervals between different radiosurgical sessions. For example, the Pittsburgh group and its followers proposed division of a large AVM into 2 approximately equal volumes, preferably corresponding to territories of supplying arteries, and treating each portion with an average interval between irradiation of 3-6 months; they suggested starting with the "deepest," "medial," or "proximal" portion of nidus and selecting the dose according to the PIV. 1, 5, 23 In contrast, Back et al. 2 recommended sequential use of several relatively small targets, using sufficiently large radiation doses at each stage and separating the sessions by 2-month intervals. In some other reported series the details of the staged-volume radiosurgery were not provided at all, and therefore we cannot exclude the possibility that the patients were treated without any predetermined strategy.
Meanwhile, it has not yet been clearly defined as to which portion of nidus should be targeted first (adjacent to feeding arteries, at the center, or in the vicinity of draining veins). Our concept of staged-volume GKS [14] [15] [16] was originally based on the experience of the Marseille group. The main idea of initially targeting the nidus in the vicinity of the draining vein is related to obtaining the desired effect on the shunts. In this way, the treatment effects of radiosurgery may be realized not only through irradiation-induced proliferation of vascular walls, but also through hemodynamic changes, with a gradual slowing down of intralesional blood flow, hypoperfusion of the AVM, and subsequent thrombosis of the lesion. In our experience with such a technique in both adults and children, the lesion frequently was obliterated following the first stage of treatment, despite the fact that there was incomplete coverage of the nidus with the prescribed isodose, making subsequent radiosurgical sessions unnecessary. 16 Therefore, we advocate observation for 3-4 years after the initial GKS, postponing a final evaluation of the treatment effects and the decision on further strategy until completion of the latency period. Only in cases of AVMs with intraventricular extension, which have a propensity to bleed, do we propose earlier commencement of the second stage of GKS. If a second radiosurgical session seems necessary, it is conducted according to the same principles as the first. In fact, using our proposed treatment strategy each new target within the nidus can be managed as a virgin treatment, since no dose adjustment is necessary. The PIV is constantly kept lower than 4.0 cm 3 so that a sufficiently high dose of radiation can be delivered (usually 22 Gy directed to the 50% isodose line).
In the present series 13 children were treated according to the described technique of staged-volume GKS. In 4 patients, complete obliteration of the nidus was noted after the first stage of treatment, and in 5 children it was observed after the second one. In the other patients the goal of treatment has still not been attained, but additional radiosurgical sessions will be conducted in the future if required. Certainly, these lesions are still at risk for bleeding, since no data support a reduction in the hemorrhage rate until total obliteration of the nidus. 21 Therefore, the opponents of staged-volume GKS frequently emphasize the risk of hemorrhage after incomplete treatment of AVMs. In fact, 2 (15%) of 13 patients in the present series, who were initially scheduled for staged radiosurgery, experienced intracerebral hemorrhage during long-term follow-up after irradiation of the target. The annual hemorrhage rate in that subgroup was 2.8%. This rate seems lower than that of a large cohort of patients, mainly adults, who underwent staged-volume GKS in Pittsburgh (5.1%) 23 and just a little higher than the 0.56%-2.7% rates reported in several series of pediatric AVMs treated in a single stage. 24, 35, 41, 52, 53 Therefore, it remains unclear whether incomplete coverage of the nidus increases the risk of postradiosurgery hemorrhage. It should be noted that pediatric AVMs have a high propensity for spontaneous bleeding 18, 26, 28, 33, 35 and that staged radiosurgery is usually applied for lesions that are not amenable to management by other methods.
On the other hand, in cases in which there is preferential targeting of the nidus in the vicinity of the draining vein, the possibility of its early thrombosis should also be seriously considered. 5 Such a complication may be extremely troublesome, but fortunately, it was never observed in our practice. Therefore, it may be hypothesized that early occlusion of the draining vein after radiosurgery for an AVM is caused by inadvertent irradiation of that vein itself. It should be definitely avoided and only the nidus should be included in the PIV. Use of multiple small isocenters provides a perfect option for selective treatment planning and a steep dose falloff outside the target.
Besides hemorrhage, possible complications during long-term follow-up after GKS for AVMs include radiation-induced necrosis, perilesional edema, delayed cyst formation, seizures, psychiatric abnormalities, cranial neuropathy, arterial stenosis, and radiation-induced tumors. 2, 8, 11, 12, 20, 21, 31, 41, 49, 52, 53 No such case was met in the present series, which may also reflect the advantages of our treatment strategy. The necessity of minimizing the risk of treatment-related morbidity cannot be overemphasized when referring to children with such benign conditions such as AVMs and sufficiently long life expectancy. Meanwhile, in 2 asymptomatic patients (9%) the appearance of a region of hyperintensity on T2-weighted MRI in the vicinity to the target was noted. Such a finding after radiosurgery for an AVM is encountered in 0.4% 21 to 60% 11 of cases, but it usually, albeit not always, resolves with time without any additional treatment. 28, 47, 49, 52 Finally, the appearance of a new nidus in the vicinity of a completely obliterated AVM was noted in 1 patient and it required additional treatment. This situation is rarely described in the literature and probably is caused by nonvisualization of a portion of lesion at the time of treatment, growth of the treated AVM, or formation of a new AVM. 4, 13, 27, 28, 31, 40 The possibility of such a finding, as well as the rare chance of recanalization of the successfully treated AVM, 31 advocates for prolonged surveillance of patients using MR imaging, even if complete obliteration of the lesion is obtained after radiosurgery.
Conclusions
Gamma Knife surgery is a highly effective management option for intracranial AVMs in children. In the present series, unstaged treatment in patients with small lesions resulted in an 89% complete obliteration rate. Staged radiosurgery may be successfully applied for the treatment of a larger AVM. In this way, initial targeting of the nidus adjacent to the draining vein and application of a sufficient radiation dose (≥ 22 Gy directed to the 50% isodose line) to a relatively small volume (≤ 4 cm 3 ) provides a good balance between a high probability of obliteration and a low risk of treatment-related complications.
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